A sweet pea (Lathyrus odoratus L.) cultivar, 'Grace', which has tendrils, was crossed with 'Snoopea purple' lacking tendrils. The resultant F 2 population was used to identify RAPD (random amplified polymorphic DNA) markers linked to a tendril gene. The presence of tendrils was found to segregate in a dominant fashion. A total of 302 random primers were used to screen a pair of bulked DNA samples of the F 2 plants. Only two primers, WB32 and WB67, showed polymorphism between the bulked samples. The former generated a DNA fragment specific to the bulked sample with tendrils, while the latter amplified a fragment in the bulked sample without tendrils. Segregation of these RAPD markers was examined in the F 2 population. One of them, WB32a was found to be linked to the tendril gene. The marker was then cloned and sequenced. A pair of primers was designed for specific amplification of this marker. The primer pairs amplified a clear and dominant band, SWB32a, and the band was specific to individuals with tendrils. The linkage between the marker, SWB32a and the gene for tendrils was demonstrated in the F 2 population in a distance of 7.7 cM. Use of this genetic marker in the breeding of sweet pea cultivars without tendrils was discussed.
Introduction
Sweet pea (Lathyrus odoratus L.) originated in Sicily Island and is cultivated widely for the production of cut flowers. This plant had been introduced into Japan more than 100 years ago (Inoue 1981) , and is now popular for use for cut flowers because of its nice fragrance and a wide range of petal colors. Sweet pea is a self-climbing plant with the aid of tendrils. Flower stalks of sweet pea are often caught in the tendrils and bent. Because the bent flower stalks lose their market value, pruning of the lateral shoots and removal of the tendrils are carried out continuously until the end of the flowering season. Since these operations require about 500 hrs labor per 10 ares, the cultivation of sweet pea, therefore, is labor-and time-consuming compared with that of other cut flowers. The annual working time of sweet pea which is 2,780 hrs per 10 ares, is about 1.9 times as long as that for rose (Rosa hybrida Hort.), 1.3 times as long as that for carnation (Dianthus caryophyllus L.), 4.2 times as long as that for sea lavender (Limonium sinuatum L.) and 3.6 times as long as that for baby's breath (Gypsophila paniculata L.).
The cultivar group 'Snoopea' is derived from a natural mutant and does not produce tendrils, but narrow 'acacialike' compound leaves instead (Inoue 1981 , Colin 1987 (Fig. 1) . 'Snoopea' itself is a semi-dwarf cultivar with short flower stalks, and is not suitable for cut flower production, but for pot flowers. Breeding of sweet pea cultivars with long flower stalks and without tendrils is, therefore, required for cut flower production. By crossing cut flower cultivars with tendrils and 'Snoopea' cultivars, we studied the genetics of the tendril trait.
In recent years, marker-assisted selection has been reported to be a useful and reliable method for the improvement of disease and insect pest resistance in crop plants. A recent modification of the polymerase chain reaction (PCR) has resulted in the availability of a new molecular marker, the random amplified polymorphic DNA (RAPD) marker, which is extensively used to identify genetic markers linked to agriculturally valuable traits (Welsh and McClelland 1990 , Haley et al. 1993 , Lanner et al. 1996 , William et al. 1997 , Kuginuki et al. 1997 , Banno et al. 1999 . However, the use of RAPD markers is restricted because they are very sensitive to variations in the reaction conditions. A precise match between the RAPD primer and the template DNA depends on the choice of the heat-stable DNA polymerase, the thermal cycler, the concentration of magnesium ion and the annealing temperature (Gu et al. 1995 , Melotto et al. 1996 . Recently, a more reliable and specific PCR-based marker known as sequence-characterized amplified region (SCAR) has been developed from a RAPD marker (Paran and Michelmore 1993 , Gracia et al. 1996 , Melotto et al. 1996 , William et al. 1997 , Kikuchi et al. 1999 , Videl et al. 2000 . In this study, we identified RAPD markers linked to the presence of tendrils in sweet pea (Lathyrus odoratus L.), and converted one of them to a SCAR marker.
Materials and Methods

Plant materials
A sweet pea (Lathyrus odoratus L.) cultivar, 'Grace', with tendrils was used as a parent. The other parent, 'Snoopea purple', was a semi-dwarf cultivar lacking tendrils. The seeds were incubated at 2°C for 15 days in a wet chamber, and then planted in a glasshouse under natural daylight.
The length of the flower stalk was scored during the flowering season and the plant height was measured at 60 days after planting for ten plants of both parental lines, nine plants of the F 1 generation and each F 2 plant.
RAPD analysis
Genomic DNA was extracted from fresh leaves by using the method of Murray and Thompson (1980) . The PCR conditions were essentially similar to those previously described (Hanada and Hirai 2000) . A mixture contained 10 to 20 ng of template DNA, 5 pmol of a random primer, 0.25 mM of each deoxyribonuleotide triphosphate, 1 × reaction buffer for Tth DNA polymerase supplied by Toyobo Co., Ltd. (Osaka, Japan), and 0.5 units of Tth DNA polymerase in a 12 µl reaction volume. Random primers used were as follows; 180 primers (12 mer) of DNA oligomer (12) sets A, B, and E (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 100 primers (10 mer) of Operon RAPD Kits E, M, N, AE, and BG (Operon Technologies Inc., California), and 22 primers (10 mer) described by Monna et al. (1994) 02, 03, 04, 05, 06, 07, 11, 13, 14, 15, 16, 22, 26, 27, 31, 35, 36, 42, 45, 46, and 47) .
The mixture was initially denatured at 94°C for 30 sec, subjected to 45 cycles of denaturation at 94°C for 30 sec, annealing at 40°C for 2 min and primer extension at 72°C for 3 min, then finally incubated at 72°C for 6 min in a Thermal cycler TSR-300 (Iwaki Glass Co., Ltd., Tokyo, Japan). The amplified products were analyzed by electrophoresis on a 1.5 % agarose gel containing 1mg/ml ethidium bromide and visualized by UV light.
Bulked segregant analysis
The primers, which showed a DNA polymorphism between 'Grace' and 'Snoopea purple' were further examined according to the bulked segregant analysis (Michelmore et al. 1991 , Benet et al. 1995 , Aii et al. 1998 . DNA preparations of 8 F 2 plants with and without tendrils, respectively, were pooled and used as bulked samples.
Cloning and sequencing of DNA fragment
An agarose gel block containing the amplified DNA fragment was cut out. The DNA fragment was extracted with a QlAquick Gel Extraction Kit (Qiagen GmbH, Darmstadt, Germany) and ligated into the pT7 vector (CN Biosciences, Inc., Hilden, Germany). The plasmid was used to transform E. coli, JM109. Partial sequences of the inserts were obtained using an automated sequencer, 310 Genetic Analyzer (Applied Biosystems, California).
SCAR analysis
Based on the sequences at both ends of the insert, SCAR primers (25-mer) were designed ( Table 2 ). The PCR mixture contained 20 ng of template DNA, 25 pmol of SCAR primers, 3.75 mM of each deoxyribonuleotide triphosphate, 1 × reaction buffer for Taq DNA polymerase supplied by Nippon gene Co., Ltd. (Tokyo, Japan), and 1.0 unit of Taq DNA polymerase in 15 µl.
The mixture was initially denatured at 94°C for 1min, subjected to 30 cycles of 1 min of denaturation at 94°C, 1 min of annealing at 60°C and 1 min of primer extension at 72°C, then finally incubated at 72°C for 6 min in Thermal cycler TSR-300, Gene Amp Systems 2700 (Applied Biosystems) or Gene Amp Systems 2400 (Applied Biosystems).
Results
All the F 1 plants between 'Grace' and 'Snoopea purple' had tendrils. Seventy-eight F 2 plants were segregated into 60 with tendrils and 18 without tendrils (Table 1 ). The segrega- tion ratio fitted to 3 (with tendrils) : 1 (without tendrils), indicating the presence of a single dominant gene for tendrils (χ 2 = 0.068 ,0.90 < P < 0.95). The gene was designated as T. 'Grace' had one or two pairs of leaflets in addition to tendrils, while 'Snoopea purple' had 6 to 7 pairs of leaflets without tendrils (Fig. 1) . The F 1 plants had one or two pairs of leaflets and tendrils. The number of leaflet pairs ranged from 3 to 7 without tendrils in the F 2 plants.
Variation of the flower stalk length is shown in Fig. 2 . 'Grace' had a long flower stalk, while the flower stalk of 'Snoopea purple' was short. The flower stalks of the F 1 were as long as those of 'Grace'. The average length of the flower stalks of the F 2 individuals without tendrils was very similar to that of the individuals with tendrils (Fig. 2) . No significant difference was detected between the length of the flower stalk of the two groups of F 2 (t = 0.23, 0.5 < P). The plant height at 60 days after planting is shown in Fig. 3 . The plant height of 'Grace' was 96.9 cm on the average, while that of 'Snoopea purple' was 55.3 cm. The average height of the F 1 plants which was 69.5 cm, was intermediate between that of the parents. The average plant height of the F 2 plants without tendrils was rather lower than that of the plants with tendrils. (Fig. 3) . However, no significant difference was detected between the two groups (t = 1.11, 0.1 < P < 0.5).
A total of 65 out of the 302 primers showed a polymorphism between 'Grace' and 'Snoopea purple'. Among them, only two primers showed a polymorphism between the bulked sample with tendrils and the bulked sample without tendrils. A DNA fragment of 1.0 kb was amplified in the bulked sample with tendrils by using the primer WB32 (5′-atcgcggcttat-3′), and was designated as WB32a. Another DNA fragment of 0.8 kb was amplified in the bulked sample without tendrils by using the primer WB67 (5′-gcggtcagcaca-3′), and was designated as WB67a (Fig. 4) .
The two fragments polymorphic between the bulked (Table 2) . However, a linkage between WB67a and the gene for tendrils could not be demonstrated. WB32a was cloned and sequenced. The specific primers were designed and synthesized based on the sequence of the amplified RAPD marker. These primers contained 10 bp of the RAPD primer sequences at 5′ ends (Table 3 ). The SCAR primers amplified a single DNA fragment with the expected size of 1.0 kb. This fragment was designated as SWB32a. The segregation of SWB32a in the F 2 population was mostly similar to that of the original RAPD band, WB32a. Linkage between SWB32a and the gene for tendrils was again demonstrated and the distance was calculated to be 7.7 cM ( Table 2) .
Discussion
Tendril-less trait of sweat pea and pea Several mutants of pea (Pisum sativum) in terms of leaf architecture have been studied, and some of the mutant genes have already been cloned (Gourlay et al. 2000 , Hofer and Ellis 1998 , Hofer et al. 2001 . However, no genetic study of the tendril-less trait in sweet pea has been reported yet to our knowledge. Here we demonstrate that the tendrilless trait is monogenic and recessive. The phenotype of the tendril-less trait of sweet pea is similar to that of the tendrilless (tl) mutant of pea (Hofer and Ellis 1998). The tendrilless gene of pea has not been cloned yet. It is interesting to determine whether these mutations occur on the same gene and are mapped in the homologous part of the genomes.
Specific amplification of the genetic marker for tendril
Here, we demonstrated the specific amplification of the genetic marker for tendrils in sweet pea. The segregation of the SCAR marker SWB32a was somewhat different from that of the original RAPD marker WB32a. The difference may be attributed to the unstable amplification of the RAPD marker. RAPD markers are very sensitive to reaction conditions (Kelly et al. 1995 , William et al. 1997 . The amplification of the present RAPD band, WB32a, also depended on the type (supplier) and size of a microtube (date not shown). The present SCAR marker, SWB32a, on the other hand, could be amplified using various types of microtubes and PCR machines, i.e. Gene Amp System 2400 and 2700, and Thermal Sequencer TSR-300 with the same program. The annealing conditions of SCAR are more stringent than those of RAPD. The longer oligonucleotide primers for SCARs allowed a robust and more reproducible assay than could be obtained with short primers used for RAPD analysis. Therefore, SCAR is much easier to score and more reliable than RAPD.
Low DNA polymorphism in sweet pea
In a previous study using RAPD analysis, we demonstrated that DNA polymorphism among sweet pea cultivars was rather low (Hanada and Hirai 2000) . In this study, only one-fifth of the primers showed a polymorphism between 'Grace' and 'Snoopea purple'. Therefore, a more efficient method to detect DNA polymorphism such as AFLP or SSR should be used for obtaining linkage markers for agronomically useful traits and marker-assisted selection (MAS) of Lathyrus odoratus L.. A low frequency of DNA polymorphism has been reported in eggplant (Nunome et al. 2001) , tomato (Smulders et al. 1997) , cowpea inbred lines (Menendez et al. 1997) and watermelon parentage for hybrid cultivars (Hashizume et al. 1993) , while a higher DNA polymorphism was reported in out-breeding Brassica crops (Landry et al. 1992 , Tanhuanpaa et al. 1995 , Kikuchi et al. 1999 ). In the breeding process of tomato, several wild relatives have been used to introduce disease-resistance genes (Rick 1988) . The genomic region introgressed from the wild related species showed a high polymorphism (Matsumoto et al. 1997) . However, no such inter-specific crossing was reported in the breeding of sweet pea cultivars. The present findings suggest the existence of a narrow genetic diversity in the sweet pea genome.
Towards the breeding of cut flower cultivars of sweet pea without tendrils
Although sweet pea is self-climbing with the aid of the tendrils, the cut flower growers remove the tendrils and use binding tapes for training the vines, because the tendrils trap flower stalks and impair the cut flower quality. Therefore, the cut flower growers prefer sweet pea cultivars without tendrils. In the present study, the genetics of the presence of tendrils was analyzed and a genetic marker for tendrils in sweet pea was developed. Using a semi-dwarf cultivar, 'Snoopea purple', we selected various types of plants without tendrils. Most of them had many leaflets. In these plants, flower stalks are also easily bent by the leaflets instead of tendrils. Therefore, plants having few leaflets without tendrils are most suitable for cut flower production.
A long flower stalk is indispensable for the marketable quality of the cut flowers of sweet pea, while, dwarf plants are not suitable for cut flower production. No significant difference in the plant height between the two groups in the F 2 (with or without tendrils) was detected. Similarly no difference was found between the flower stalk length of the two groups. The present results suggest that selection of tall and tendril-less plants with a long flower stalk is possible in the progeny derived from crossings between normal sweet pea cultivars and cultivars in the 'Snoopea' group. Transplanting of sweet pea is possible only at a very young stage of the seedlings because of the root system. Pre-selection of the seedlings before transplanting by using the present SCAR primers can minimize the number of plants cultivated to flowers, and make the selection efficient.
